Abstract. The goal of this research was to examine whether search pattern training for central line positioning on chest radiographs (CXRs) improves the ability of healthcare trainees and practitioners to identify malpositioned central venous catheters. Two sets of CXRs with central catheters were shown; half of the images contained catheters that were appropriately positioned, half that were malpositioned. Subjects were asked to: mark the tip of the catheter using the simulated radiology workstations, indicate their confidence in tip localization, and state whether the catheter was appropriately positioned or malpositioned. Subjects were also given a survey assessing their thoughts about the usefulness of search pattern training and the simulated radiology workstation. There was a significant improvement in subjects' ability to classify a catheter as malpositioned after training, p-value = 0.03. There was no significant difference in localization of the catheter tips or in the confidence for tip localization. Subjects' responses to the questionnaire were significantly positive for all statements, indicating that they felt search pattern training using a simulated radiology workstation had a positive impact on their education. These results suggest that our knowledge of medical image perception may be useful for developing rational educational tools for image interpretation, and that simulated radiology workstations may be a helpful means of deploying these tools.
Introduction
Scientists have studied medical image perception for many years and have learned much about the ways humans perceive medical images. 1, 2 However, the translation of this knowledge into educational tools to facilitate training in image interpretation has lagged behind the science significantly.
Recent work has examined teaching search patterns as a complement to traditional educational methods in medical image interpretation. Specifically, medical trainees shown a search pattern for evaluation of the lungs showed improved ability to identify pulmonary nodules on chest radiographs (CXRs). 3, 4 This lung search pattern instructs the observer to sweep their eyes over each intercostal space (Fig. 1) , thereby ensuring that the entire lungs were evaluated by the observer's central field-of-view. For the study involving group search pattern training, the experimental group performance improved with a p-value = 0.0012. The effectiveness of search pattern training for identification of pulmonary nodules suggests that search pattern training may be useful for additional perceptual tasks.
A common indication for chest radiography is the characterization of central venous catheter (CVC) positioning. CVCs are used to deliver fluids and medications to ill patients. CXR is one of the more common imaging methods used to evaluate for correct CVC positioning. Evaluation of CXRs is a critical skill, as complications during CVC placement may result in patent morbidity and/or mortality. 5 Potential complications of CVC placement depend on the type of catheter and route of insertion, and include malpositioned catheter, where a catheter is not in a central vein (incidence ∼3% 6 ); pneumothorax (incidence ∼5% 7 ); and hemothorax (incidence ∼0.5%
8
).
In spite of the importance of skilled evaluation of post-CVC placement CXRs, errors are still made when evaluating such images. This is especially problematic for radiographs acquired overnight. For overnight studies, the medical provider caring for the patient will often evaluate a post-CVC placement CXR to confirm adequate positioning and act on their interpretation, before the final radiology report is issued. If their judgment is flawed, the patient may be harmed.
The goal of this study was to determine if teaching a CVC search pattern to nonradiologist healthcare trainees and providers at a simulated radiology workstation improves their ability to identify malpositioned CVCs on chest radiography.
Methods

Subjects
After review by our institutional review board (IRB), this study received an "Exemption of Human Subjects Research." A group of 13 nurse practitioner students and 5 radiology technologists elected to voluntarily participate.
CXR Images
Sixty frontal CXRs with appropriately placed or malpositioned CVCs were selected by a board-certified chest radiologist with 7 years of experience (W.F.A.), 30 with adequately positioned catheters and 30 with malpositioned catheters. For this study, catheters with tips in the mid to low superior vena cava were considered adequately positioned (discussed further in the search pattern training section), and catheters with tips not in the superior vena cava were considered malpositioned. Catheters with positioning that would be considered on the borderline of acceptably positioned and malpositioned were not included in this study, as even experts may disagree on such cases. Types of malpositioned catheters included: catheters crossing midline, catheters coursing superiorly into the neck, and catheters coursing into a tributary vein (such as the azygous vein). Each set of cases presented to subjects included 15 images with acceptably positioned catheters and 15 images with malpositioned catheters. All images were anonymized prior to inclusion into this study.
Study Hardware and Software
A simulated radiology workstation was used to present images and collect subject responses. The computers had a monitor resolution of 2 mega-pixels. While this resolution is lower than many diagnostic radiology monitors, it is similar to the resolution of the monitors typically used clinically by nonradiologists when viewing medical images. The computer workstations were otherwise similar to typical image-viewing workstations.
The software used for image presentation and recording of subject responses was ViewDEX (Sahlgrenska University Hospital, Goteborg, Sweden). 9 This software allowed for presentation of images with viewing controls similar to a clinical radiology workstation, including window/level and pan/zoom. The software also allows the user to mark the catheter tip and indicate their level of confidence regarding whether the catheter is acceptably positioned or malpositioned.
Experimental Design
This study used a counterbalanced design, as shown in Fig. 2 , where the experimental and control groups each received both search pattern training and an attentional control activity at different time points. This allowed for assessment of an intervention effect from the search pattern training, while allowing both experimental and control groups to receive the educational benefit of search pattern training.
After a brief introduction to the study and normal venous anatomy using electronic slides, both groups were shown a set of 20 baseline cases with CVCs, half appropriately positioned, and half malpositioned. Subjects were asked to mark the tip of the CVC using the study software, indicate their confidence in catheter tip localization, and state whether the CVC was appropriately positioned or malpositioned.
Immediately after the first set of cases, the experimental group was shown a suggested search pattern (see below) for evaluation of central lines on CXR. The control group was shown an attentional control, a journal article on CXR imaging of intensive care unit patients. 10 The attentional control paper on ICU imaging did not include any information on central line positioning beyond what was given in the study's introductory materials. The subjects were then shown a second set of 20 cases with the same task. After the second set of cases, the conditions were reversed such that the control group received search pattern training, and the experimental group received the attentional control. The subjects were then given a third set of cases to review.
Search Pattern Training Algorithm
The following suggested search pattern for characterization of CVCs was developed through consultation with three experienced faculty chest radiologists: 1-Identify the presence of a CVC; 2-identify the peripheral most part of the catheter in the field-of-view; 3-follow the catheter from its peripheral most aspect to its tip and confirm the catheter course is acceptable, and 4-confirm the catheter tip is in an acceptable position. The subjects were shown graphical examples of this search pattern (a representative example is shown in Fig. 3) . A portable document format file containing 20 electronic slides describing this search pattern and giving visual examples was provided to trainees at the time of search pattern training. Search pattern training lasted about 10 min and the time for the control group to read their materials was equivalent.
Questionnaire
A questionnaire consisting of eight items was given to subjects after completion of the study. The items are given in Table 1 , with a histogram of the responses. Subjects were asked to respond to questions using a five-point Likert response format (1 = strongly disagree to 5 = strongly agree), where a response of 3 was neutral. Survey results are displayed graphically using histograms, and statistical significance was determined using the Wilcoxon signed-rank test. Note that as described previously, all subjects received search pattern training and were all able to comment on their perceptions of the training using the questionnaire.
Statistical Analysis
Improvements in subject performance between case sets 1 and 2 were evaluated for both control and experimental groups. Metrics evaluated include: the difference in fraction of catheter tips correctly localized (D-CorrLoc), the difference in confidence in catheter tip localization (D-ConfLoc), and the difference in fraction of times a catheter were correctly characterized as appropriately (safely) positioned versus malpositioned (D-SafePos). In order for a catheter tip to be considered correctly localized, the subject marking was required to be within a 1 cm radius of the catheter tip. For each measure, we computed the mean, 95% confidence interval and p-value using the Wilcoxon signed-rank test. 11 Note that as all images contained a central catheter and were positive for a target, receiver operating characteristic analysis could not be used. The type I error level used to determine statistical significance was 0.05, and p-values less than 0.05 were considered significant.
Results
Catheter Localization and Positioning
The results for fraction of catheters tips correctly localized (D-CorrLoc), change in confidence in catheter tip localization (D-LocConf), and change in ability to identify malpositioned catheters (D-SafePos) are given in Table 2 .
For the control group, there was no significant improvement in performance. For the experimental group, there was a statistically significant improvement in fraction of times a catheter was correctly characterized as appropriately (safely) positioned versus malpositioned (D-SafePos). There was also an improvement in the subjects' ability to localize catheter tips (D-CorrLoc) and in their stated confidence (D-ConfLoc), but these were not statistically significant.
Questionnaire
Histograms of the survey results are shown in Fig. 4 and demonstrate a strong positive response for all questions. P-values for all survey responses were less than or equal to 0.0001. 4 Search pattern training for other medically relevant abnormalities would be a helpful way to learn about additional topics in radiology.
5
The simulated radiology workstation (SRW) used for this study was helpful for learning the skills needed to evaluate line/tube positioning on CXR.
6
Compared with conventional learning materials (including printed/electronic textbooks and case files), the SRW provided a more effective way to develop the skills needed to evaluate line/tube positioning on CXR.
7 SRW would be a helpful way to learn about additional topics in radiology. 
Discussion
The fundamental paradigm for training in medical image interpretation has changed little over the past several decades. Medical image perception and interpretation is typically taught on-the-job with a focus on case volume. The advances in medical image perception offer a new and exciting opportunity to develop rational new educational tools based on our knowledge about how humans perceive medical images. However, application of this knowledge to date has been limited. Only recently has our knowledge of medical image perception begun to be translated into educational tools. Auffermann et al. 3, 4 successfully used search pattern training to improve trainees' ability to identify pulmonary nodules on chest radiography. This showed the feasibility of using focused search pattern training to improve the ability of novices to identify medically relevant abnormalities. There are several additional high yield tasks that may benefit from perceptual training in general and search pattern training in particular. While some researchers have found that systematic search patterns did not perform better relative to nonsystematic patterns, 12 it may be because the benefit of a search pattern may be related to the perceptual task performed.
Confirmation of central line positioning is a critical perceptual task on CXR that is often carried out by nonradiologists during nights and evenings. The radiologists involved in conducting this study have anecdotally noted that malpositioned catheters are sometimes not perceived by medical providers. Failure to identify a malpositioned catheter can have serious adverse medical consequences. For these reasons, central line positioning was considered a good task for search pattern training.
Of importance, there was a statistically significant improvement in fraction of times a catheter was correctly characterized as appropriately (safely) positioned versus malpositioned (D-SafePos). The lack of a significant treatment effect for the other two measures considered may be due to several factors. There were only 18 subjects in total, and a larger study may have been better powered to detect significant differences. The study also involved perceptual cuing that may not have been present if trainees were evaluating CXRs outside the study environment. That is, they were specifically told to Table 2 Results from statistical analysis of study data. 0-Ctrl, control group; 1-Exp, experimental group; D-CorrLoc, difference in correct tip localization; D-ConfLoc, difference in confidence of tip localization; D-SafePos, difference in correctly categorizing the catheter as well positioned versus malpositioned; Δ mean, difference in mean value between pre-/postintervention; and X 'th %ile, the X 'th percentile (upper and lower bounds of the 95% confidence interval) in Δ mean, P-value is estimated using the Wilcoxon signed-rank test. evaluate the catheter and identify the catheter tip, which would likely not occur in a typical practice environment. In addition, the failure to achieve significant differences may have been due to the prior classroom and work experience with CXR imaging. Both the radiology technologists and the nurse practitioners had experience viewing and interpreting CXRs prior to this study, and may have had enough experience that the search pattern training did not significantly complement their existing knowledge. For example, all the radiology technologists had several years of experience viewing CXRs after acquisition to determine if further imaging is needed. While their training does not typically include central line positioning, they were very familiar with CXRs. This study consisted of a heterogeneous group of trainees and practitioners, which may mask more subtle behaviors and patterns in image perception. It is also possible that the training did not significantly affect subject performance and behavior (i.e., even though it provided an exemplar pattern they may not have adopted it). However, the statistically significant improvement in subject performance at classifying catheters as adequately versus malpositioned suggests that there is at least some potential impact from the search pattern training.
Observer performance on case set 3 and how it relates to performance on case sets 1 and 2 may provide additional interesting information, but is felt to be beyond the scope of this paper. This would be an interesting topic for future study.
The results for the questionnaire show that: (1) subjects did not think they had been previously shown eye movement search patterns for evaluation of central lines on CXRs and (2) they felt the search pattern training used for this study was helpful. In clinical medicine, arriving at the correct answer is important. However, confidence in one's decisions, even if the decision does not change, is also very important. 13 Consequently, the trainees' subjective impression of a positive effect of training has intrinsic value.
On questionnaire items 5 to 7, subjects indicated that they felt the simulated radiology workstation used for this study facilitated learning and would be a useful tool for learning about other radiology topics. It is important to note that while simulation has been used previously in radiology, it has been used mostly to teach procedural skills. 14, 15 The responses from questionnaire items 5 to 7 suggest that simulation may be a useful method of deploying perceptual training in particular and may be of greater use in radiology education in general.
Conclusions
After search pattern training, subjects' ability to identify malpositioned CVCs improved. In addition, questionnaire responses show subjects felt the search pattern training was a useful adjunct to their medical training and made them more confident in their ability to identify malpositioned central catheters. Our knowledge of medical image perception may be used to develop rational educational tools to facilitate the more rapid acquisition of expertise related to the evaluation of medical images. Simulated radiology workstations may be helpful for deploying these perceptual training methods and may be useful in radiology education in general.
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